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Polariton lasing has recently been observed in strongly coupled crystalline anthracene microcavi-
ties. A simple model is developed describing the onset of the non-linear threshold based on a master
equation including the relevant relaxation processes and employing realistic material parameters.
The mechanism governing the build-up of the polariton population - namely bosonic stimulated
scattering from the exciton reservoir via a vibronically assisted process - is characterized and its
efficiency calculated on the basis of a microscopic theory. The role of polariton-polariton bimolecular
quenching is identified and temperature dependent effects are discussed.
I. INTRODUCTION
In strongly coupled semiconductor microcavities1,2 the
cavity mode and the excitonic resonance mix and form
new bosonic quasiparticles, the polaritons. Their prop-
erties differ significantly from those of the bare uncou-
pled excitations, though they originate from them. The
lower polariton (LP) has a peculiar dispersion law with
a deep minimum at small wavevectors, characterized by
a tiny mass. At high densities, the build-up of a large
population at the bottom of this branch is favoured by
bosonic final-state stimulation as soon as the occupation
per mode of the lower polariton states exceeds unity.
Coherent light-emission, called polariton lasing, results
from this macroscopic population due to the finite life-
time of the polaritons which leak out of the cavity via
their photonic component. This is only one of the many
outstanding phenomena3 that have attracted more and
more attention to the field of polaritonics in inorganic
semiconductor microcavities since the pioneering obser-
vation of the strong coupling regime.4
The weak binding energy and oscillator strength of
Wannier-Mott excitons characteristic of inorganic semi-
conductors are limitations that can be overcome em-
ploying organic semiconductors having strongly bound
Frenkel excitons with a large oscillator strength.5 The
strong coupling regime in an organic based microcav-
ity was first observed at room temperature using a por-
phirine molecule (4TBPPZn) dispersed in a polysterene
film as optically resonant material at room tempera-
ture,6 and later in a variety of organic materials5,7 in-
cluding polyacene molecular crystals.8–10 The latter are
also characterized by the presence of well developed vi-
bronic replicas that participate in polariton formation
and affect their luminescence.11 In contrast to the case of
inorganic microcavities, manifestations of bosonic stim-
ulation using organic cavity polaritons have been quite
elusive. Recently, however, several non-linear phenom-
ena were reported: room temperature polariton lasing
in an anthracene single crystal microcavity,12 indirect
pumping of J-aggregate lasing microcavities,13 and non-
linear emission in polymer-based microcavities.14 In an-
thracene, the observation of a threshold for nonlinear
emission was accompanied by a significant line narrow-
ing and by a collapse of the emission lifetime. In that
case, a comparison with the best-case estimate of the
threshold for conventional lasing inferred from amplified
stimulated emission measurements shows that the lasing
threshold observed in the strongly coupled microcavity
is slightly lower than that anticipated for a conventional
laser.12 The temperature dependence of the polariton las-
ing threshold has also been investigated and shows an
order of magnitude decrease from room temperature to
low temperatures.15 These experiments demonstrate the
high excitation density regime of polariton bosonic stim-
ulation, which could pave the way to the observation in
organic based microcavities of other phenomena related
to polariton fluidics where weak polariton-polariton in-
teractions may also manifest.3
In the present work, we develop a semiclassical kinetic
model to describe the onset of the non-linear threshold
for polariton lasing in anthracene-based microcavities.
We show, in particular, that the mechanism providing
the bosonic final-state stimulated formation of the en-
semble of lower cavity polaritons is the vibrationally as-
sisted radiative decay of incoherent excitons, previously
populated by non-resonant pumping. In Section II, we
set up a minimal master equation to describe the polari-
ton population dynamics, we make a realistic choice of
material parameters and we fit the experimental data on
the pump dependence of the polariton emission, pointing
out the relevance of bimolecular quenching processes. In
Section III, we calculate microscopically the efficiency of
the relevant scattering process justifying the value ob-
tained from the fit. In Section IV, we consider within
our model the dependence of the polariton lasing thresh-
old on temperature. Finally, in Section V, we present our
conclusions.
2II. TWO-LEVEL MODEL
We model the dynamics of the lasing process using
a minimal rate-equation approach. In this section, we
estimate the typical time-scale of the mechanism which
selectively transfers excitations from the reservoir to the
bottom of the polariton branch, without any assumptions
regarding its microscopic nature.
A. The Master Equation
The anthracene crystal has two molecules per unit
cell and strongly anisotropic optical properties.9,16 Ex-
citations in this material are well-described within the
Frenkel-exciton framework, which is based on the in-
tramolecular promotion of an electron from the highest
occupied molecular orbital to the lowest unoccupied one.
Because of molecular dipole-dipole interaction, the exci-
tation can propagate, resulting in two orthogonal transi-
tion dipole moments, ~µa,b, directed along the in-plane a
and b axes. When a thin anthracene crystal is placed
between two mirrors, light couples to both a- and b-
polarized excitons and creates two orthogonally-polarized
lower polariton branches. Measurements are usually re-
ported for light polarized along a and b:9,12 in these cases
the p and s in-cavity light polarizations separately cou-
ple to the dipole moments ~µa,b and no mixing effect is
present.
We focus only on b-polarized excitons,16 i.e. those
with largest oscillator strength, for which lasing has been
reported12 and neglect other polaritonic and excitonic
states. The initial relaxation of the pump excitations
is also neglected, and the presence of an effective exci-
tonic reservoir at a fixed energy independent on the cav-
ity properties is considered.17 We note that the experi-
mental photoluminescence (PL) from anthracene micro-
cavities shows always a clear maximum at energy ∼ 2.94
eV regardless of the cavity thickness,12,18 and indeed las-
ing has been achieved in a cavity where the minimum of
the LP is exactly at 2.94 eV. This is a signature that the
microscopic dynamics resulting in the lasing phenomenon
is that of a two-level process rather than that of the well-
known polariton bottleneck. We thus develop a two-level
master equation for νe(t) and νp(t), the surface density
of reservoir excitons and of lasing polaritons located near
k = 0, respectively.
We denote with A0 the subregion of the Brillouin zone
located around k = 0 which is occupied by the lasing po-
laritons. Because states at the bottom of the LP branch
do not have a well-defined wavevector k, we consider all
of the localized wavepackets with energy ∼ ELP(k = 0)
as equally contributing to the lasing process. Npol is the
number of such polaritonic states, while Nexc is the num-
ber of excitonic states. The polariton and exciton decay
rates are Γp = |c(e)p |2/τe + |c(p)p |2/τp and Γe = 1/τe, re-
spectively, where τp (τe) is the bare photon (exciton) life-
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FIG. 1. Sketch of the LP branch and of the physical processes
and scattering mechanisms included in master equation (1).
time and c
(p)
p
(
c
(e)
p
)
is the photonic (excitonic) Hopfield
coefficient for the lasing polaritons.
The parameter Ze→ is the decay rate via other chan-
nels, such as phonons, lower polaritons outside the A0
region and leaky modes, whereas bimolecular quenching
processes are treated separately, with a rate γ′. A stan-
dard pump term proportional to P ′(t) is included; in
order to take into account possible saturation effects the
term (1−νe/ν¯e) has been considered (ν¯e = Nexc/A is the
surface-density of excitonic states and A is the area of
the sample).
The rate of resonant excitation transfer from the reser-
voir to the lasing polaritons is W e→p. We retain the
bosonic enhancement term (1 + νp/ν¯p) responsible for
lasing effects, where ν¯p = Npol/A is the surface-density
of polaritonic states.
The master equation for νe(t) and νp(t), whose physics
is sketched in Fig. 1, reads:
ν˙e = −Γeνe −W e→pνe
(
1 +
νp
ν¯p
)
− Ze→νe +
−γ′
(
νe + |c(e)p |2νp
)
νe +
(
1− νe
ν¯e
)
P ′(t) (1a)
ν˙p = −Γpνp +W e→pνe
(
1 +
νp
ν¯p
)
+
−γ′
(
νe + |c(e)p |2νp
)
|c(e)p |2νp (1b)
The full derivation is given in appendix A. Note that the
resulting equations are completely analogous to those de-
scribing conventional lasing,19 with the important differ-
ence that the lasing state is a polariton and thus retains
an excitonic component.
B. Parameters
We relate Eq. (1) to the experimental system in
Ref. [12] using the following parameters.
3Simulation Parameters
ρ0 = 4.2× 10
21 cm−3 Lz = 120 nm
ν¯e = 5.4× 10
−16 cm−2 q0 = 2.2× 10
4 cm−1
τp = 85 fs ∼ 1 ps τe = 2 ns
c
(p)
p = 0.92 c
(e)
p = 0.39
Fit Parameters
τp W
e→p γ′
85 fs 4× 105 s−1 1.5× 10−5 cm2s−1
1 ps 3.5× 104 s−1 1.6× 10−5 cm2s−1
TABLE I. Parameters for the numerical simulations. (top)
List of the most important simulation parameters used in the
numerical simulations. (bottom) Results of the fit reported
in Fig. 3
a. Anthracene Crystal. The experimental microcav-
ity embeds a crystal of anthracene with thickness Lz =
120 nm; the molecular density is ρ0 = 4.2 × 1021 cm−3:
we ignore the monoclinic structure of the unit cell and
instead estimate its linear size as a = (ρ0/2)
−1/3 =
7.8 × 10−8 cm, including the presence of two molecules
per unit cell. The number of layers is estimated as
N = Lz/a ≈ 153. The absorption maximum of the an-
thracene crystal is at energy E0 = 3.17 eV. The exciton
measured lifetime is of the order of τe ∼ 1−3 ns and in the
next simulations we take the intermediate value τe = 2
ns. The contribution of Ze→ is neglected because it can
be included into τe without any substantial difference as
long as τe < 1/Z
e→, which can be safely assumed.
b. Microcavity and Polaritons. If we assume homo-
geneous broadening, the cavity lifetime can be estimated
from the polariton linewidth at k = 0, where it is mostly
photon-like. Using this approach, we obtain a lower
bound τp = 85 fs. An exact calculation assuming per-
fect interfaces for the mirrors results in an upper bound
τp = 1 ps. We will estimateW
e→p corresponding to both
extrema. The Hopfield coefficients of the LP branch are9:
c
(p)
p = 0.92 and c
(e)
p = 0.39.
For small |k|, the A0 region has cylindrical sym-
metry,10,20,21. Its radius, q0, can be estimated using
ELP(q0) − ELP(k = 0) = Γ0/2, where Γ0 = 15 meV
is the linewidth of polaritons at k = 0 below threshold;12
we obtain q0 = 2.2× 104 cm−1.
c. Pump. The pump density is:
P ′(t) = P ′0 exp
[
− t
2
2σ2
]
; σ =
150
2
√
2 ln 2
fs ≈ 64 fs,
with P ′0 = P0/(πr
2
0~ωpump) where r0 = 110 µm is the
radius of the pump spot and ~ωpump = 3.45 eV is the
energy of the pump photons. Because Etot =
∫
P (t)dt =√
2πP0σ and because Etot, the total absorbed energy,
and σ are experimentally known, P0 is also known.
d. Bimolecular Quenching Rate. To the best of our
knowledge there are no measurements of the bimolecular
quenching rate, γ′, for two-dimensional anthracene crys-
tals. According to the standard theory for bimolecular
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FIG. 2. Time-integrated surface density of polaritons∫
νp(τ )dτ calculated from solution of Eq. (1) (lines) and from
experimental data (squares). The bimolecular quenching rate
is taken from the measured 3D bulk value: γ′ = γ3D/Lz .
The calculation parameters are: (dashed line) τp = 85 fs,
W e→p = 7× 105 s−1; (solid line) τp = 1 ps, W
e→p = 7× 104
s−1. Because the experimental data is in arbitrary units, here
and in the following fits the experimental data is normalized
so that the first experimental and theoretical points coincide.
quenching16, γ3D = 8πRD, where R is the Fo¨rster radius
of the exciton and sets the volume around the exciton in
which annihilation happens, while D is the diffusion co-
efficient of excitons. Measurements for three-dimensional
anthracene crystals have yielded values of16 γ3D = 10
−8
cm3 s−1 and16,22 D ∼ 1 − 10 × 10−3 cm2 s−1. The cor-
responding diffusion length ℓ = (τeD)
1/2 ∼ 1− 3 × 10−6
cm is smaller than Lz = 1.2 × 10−5 cm and suggests
that excitons can be treated as diffusing in a three-
dimensional environment. As a result, we initially fix
γ′ = γ3D/Lz = 7× 10−4 cm2 s−1.
Parameters used in the numerical simulations are
briefly summarized in Table I.
C. Results
Since all other parameters are known, we leave only
W e→p as a fit parameter. We numerically integrate
equations (1a) and (1b) and once the complete time-
dependent functions νe,p(t) are known we compute the
integral
∫
νp(τ) dτ and compare it with the experimental
values.
In Fig. 2 the fits obtained for the extreme values of
τp = 85 fs and 1 ps are shown. The value of W
e→p has
been fit to the experimentally observed threshold value.
In both cases, W e→p is of the order 105 s−1. The agree-
ment with the experiment is poor and it is apparent that
the chosen value of γ′ does not properly describe the tran-
sition between linear and sublinear region below thresh-
old. Note that the exciton lifetime τe ∼ 2 ns is shorter
than the reported bulk value16 τe,bulk ∼ 10 ns; surface in-
teractions or defects within the layers could explain this
discrepancy. In this situation, the excitonic diffusion co-
efficient can be smaller, resulting in a reduced possibility
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FIG. 3. Time-integrated surface density of polaritons∫
νp(τ )dτ calculated from solution of Eq. (1) (lines) and from
experimental data (squares). The bimolecular quenching pa-
rameter γ′ is used to fit the below-threshold behavior of the
experimental data. The calculation parameters are: (dashed
line) τp = 85 fs, γ
′ = 1.5 × 10−5 cm2 s−1, W e→p = 4 × 105
s−1; (solid line) τp = 1 ps, γ
′ = 1.6 × 10−5 cm2 s−1,
W e→p = 3.5× 104 s−1.
for excitons to pairwise annihilate.
Because a fit of γ′ which determines the onset of bi-
molecular quenching can be readily decoupled from that
ofW e→p, both parameters are allowed to vary and the re-
sulting fits are shown in Fig. 3. We obtain γ′ ≈ 1.5×10−5
cm2 s−1 independently of τp, as expected. Note that this
value is two orders of magnitude smaller than γ3D/Lz.
The resulting values for W e→p are 4 × 105 s−1 and
3.5×104 s−1 for τp = 85 fs and 1 ps, respectively. Even if
the scattering process acts on a sensibly longer timescale
compared to the exciton and polariton lifetimes, it can
lead to observable effects in presence of high excitonic
densities. We can roughly estimate the surface density
of excitons at threshold via Γpνp = W
e→pνe(1 + νp/ν¯p).
Assuming that at threshold νp = ν¯p, we obtain:
νe,th
ν¯e
=
ν¯p
ν¯e
Γp
2W e→p
∼ 0.01
The density of excitations is thus extremely high, though
not unrealistic. Moreover, this is consistent with what
shown in Fig. 4, where at threshold the peak exciton
value is of few percents. Note that νe,th/ν¯e does not
depend on the value of q0, because both W
e→p and ν¯p
depend linearly on the size of the A0 region.
Although the fit below threshold is excellent, the re-
gion above threshold is poorly described. It can be seen
in Fig. 4 and Fig. 5, which shows the time dependence
and peak of the normalized surface exciton and polariton
densities, that at threshold the exciton density reaches a
few percent of the total molecular density. Such high
excitation densities may require a more refined descrip-
tion of the annihilation process. Indeed, our calculation
above threshold seems to be in better agreement with re-
cent low-temperature data, where the threshold occurs
at lower excitation density.15 Moreover, above thresh-
old, when the polariton density becomes important, the
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FIG. 4. Time-dependence of the normalized surface density of
excitons νe(t)/ν¯e and of polaritons νp(t)/ν¯p below threshold
(Etot = 17 nJ, dotted line and solid line respectively) and at
threshold (Etot = 150 nJ, dashed line and dashed-dotted line)
plotted for τp = 85 fs. Note that this time dependence is in
good agreement with that reported in Ref. [12].
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for the parameters; τp = 85 fs.
details of the theoretical model used for the polariton-
polariton bimolecular quenching become important.23,24
Note that the mean-field polariton-polariton interac-
tion25 has not been included as no blue shift has been
resolved in the experiments, which feature a relatively
broad linewidth.12,15
In conclusion, using our simple two-level model we have
extracted an estimate for the scattering process W e→p
relevant to polariton lasing in anthracene. Furthermore,
we believe that the strongly reduced rate of bimolecu-
lar annihilation observed should motivate further exper-
imental and theoretical studies of this process.
III. THE SCATTERING MECHANISM
In this section we focus on the microscopic origin of
the excitation transfer of Sec. II. In particular, we pro-
pose as the relevant mechanism the radiative recombina-
tion of a molecular exciton assisted by the emission of a
vibrational quantum of the electronic ground state.11 We
show that the resulting scattering rate is in good agree-
ment with that obtained in the previous Section. Finally,
we also consider an alternative and possibly coexisting
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FIG. 6. Sketch of the radiative microscopic mechanism re-
sponsible for the efficient excitation transfer in the Franck-
Condon approximation.
model based on the non-radiative emission of an optical
phonon.26
A. Radiative Transition
The absorption and PL spectra of anthracene show sev-
eral vibronic resonances.27 The resonances observed in
absorption correspond to the molecular vibrations of the
first electronically excited state, and those in PL to the
vibrations of the electronic ground state.16 Strong light-
matter coupling has only been demonstrated for the for-
mer,8 since the fraction of vibrationally excited ground-
state molecules is negligible at room temperature. How-
ever, as shown schematically in Fig. 6, the transitions
responsible for the vibronic structure in PL result in the
scattering of excitons to lower energy polaritons, where
the missing energy exactly corresponds to that of the vi-
brational quantum, E01 ∼ 173 meV.11
In appendix B, we discuss the approximations needed
to apply the known microscopic theory11,20 to the present
system9. For instance, the microscopic model consid-
ers a thin organic material comprising N ∼ O(1) lay-
ers and placed in the middle of the microcavity20,28
whereas the experimental sample embeds an organic ma-
terial which fills the whole region between the two mir-
rors (N ∼ O(102)) and has no planar translational in-
variance.12 Moreover, the theory assumes the presence of
perfect mirrors, whereas in experiment τp is always finite.
In equation (B6) the scattering rate W j→k from one
molecular exciton (labelled by j) to a lasing polariton (la-
belled by k) is related to the parameters of a anthracene
microcavity. As discussed in appendix A, the scatter-
ing rate appearing in the master equation is W e→p =∑
k∈A0
W j→k. Working in the energy space and defining
the spectral region of lasing polaritons E ∈ [EA0inf , EA0sup]
and the polariton density of states D(E), we get:
W e→p =
∫ EA0sup
E
A0
inf
V 21±
~
π2S|c(p)p |2
2MN
f(E0−E−E01)D(E)dE
(2)
M the number of unit cells in the two-dimensional quan-
tization surface and V1 is the fit light-matter coupling.
S is the Huang-Rhys parameter, which is approximately
∼ 1.29 See appendix B for more details. The 2D density
of state is
D(E) =
mMa2
2π~2
θ [E − ELP(k = 0) ] ,
where the effective mass m can be obtained from the
fits of the dispersion relations: m ∼ 1.7 × 10−5me;
moreover ν¯e = 2N/a
2. The normalized linewidth of
(0-1) photoluminescence f(E) is a Lorentzian centered
in zero with FWHM Γ = 100 meV; we also assume
EA0inf = E0−E01 = ELP(k = 0) whereas EA0sup = EA0inf +7.5
meV (see Sec. II). We obtain:
W e→p =
πS|c(p)p |2
2
mV 21
ν¯e~3
∫ EA0sup
E
A0
inf
f(EA0inf − E)dE. (3)
The rate before the integral is equal to ≈ 1.0× 107 s−1,
while the contribution from the integral, which comes
from the lineshape, is ≈ 0.047. Thus, the theoretical
microscopic mechanism is W e→p ≈ 5× 105 s−1.
Because the theoretical model neglects effects which
can possibly lower the efficiency of the resonant scatter-
ing, we consider our estimate to be in good agreement
with the values estimated from data in Sec. II.
B. Non-radiative transition
We now consider an alternative and possibly coexisting
relaxation channel, which is non-radiative.26 An exciton
is scattered from the reservoir to one polariton state by
the emission of a molecular vibration of the electronic
excited state. This is due to the intramolecular exciton-
phonon coupling5,30 which has been demonstrated to play
a key role in the modeling of the PL of J-aggregates mi-
crocavities.31,32
Note that in this case the considered phonon belongs to
the electronic excited state, whereas in the radiative case
it was related to the electronic ground state. Moreover,
the resulting scattering element W e→k includes the exci-
tonic content of the outcoming polariton, whereas Eq. (3)
is weighted by the photonic Hopfield coefficient.
The scattering rate from one molecular exciton (la-
belled by j) to one lasing polariton (labelled by k) is
given by:26
W j→k =
2π
~
g2E211
|c(e)p |2
2NM
δ(E0 − ELP(k)− E11) (4)
where g =
√
S ∼ 1 is the strength of the exciton-phonon
coupling,29 E11 is the energy quantum of a vibration
of the excited state. Even if the Franck-Condon model
which we are using prescribes E11 = E01, this is not nec-
essarily true in general. The factor |c(e)p |2/(2NM) is the
6Hopfield coefficient for the exciton of the molecule j rel-
ative to the polariton k.26 Because c
(e)
p = c
(e)
k =
∑
j c
(j)
k
∀k, we are assuming that the exciton is equally dis-
tributed among all the molecules. This is consistent with
the assumptions used in the derivation of the master
equation (see appendix A).
The comparison of Eq. (4) with Eq. (B5) for the ra-
diative case shows that the two processes have a similar
efficiency. Indeed, using Eq. (B3):
W j→kRAD
W j→kNON−RAD
=
πV 21
2E211
· |c
(p)
p |2
|c(e)p |2
; (5)
because both V1 and E11 are of the same order of mag-
nitude, 100 meV, the efficiency ratio mainly depends on
the Hopfield coefficients of the bottom polaritons. Thus,
as in our case |c(p)p |2/|c(e)p |2 ≈ 5, we expect the radia-
tive mechanism to be the main origin of the excitation
transfer which results in lasing, even if to understand the
importance of the non-radiative transfer a more detailed
analysis is necessary.
In conclusion, we have studied two physical mecha-
nisms which can possibly induce the excitation transfer
studied in Sec. II. Using simple models, we have obtained
estimates which are in good agreement with those from
the data. The photonic and excitonic components of the
bottom polaritons are crucial for determining the impor-
tance of the two mechanisms. We thus expect that in
materials requiring different cavity detunings to match
the condition E0 − E01 = ELP(k = 0), the relevance of
the two processes could be reversed. An experimental
analysis exploring several organic crystals would thus be
of the greatest interest.
IV. TEMPERATURE
Reported data for anthracene microcavities show a re-
duction of the lasing threshold of slightly less than an or-
der of magnitude once temperature is lowered from 300 K
to 12 K.15 In this section we discuss temperature effects
within the framework of the developed model, and the
related consequences on the lasing properties.
Experimental studies on the PL from bulk anthracene
crystals have shown a strong temperature dependence
characterized by considerable spectral narrowing.33 The
temperature dependence obtained using thin crystals
grown from solution is shown in Fig. 7. Here, the crystals
were grown on silicon substrates to ensure good thermal
contact to the cryostat cold finger and were excited us-
ing 1 ns-long pulses at λ=337 nm. A composite vibronic
structure emerges, which can be understood in terms of
a high-energy phonon (considered in this work) and of a
low-energy phonon, which is not resolved at room tem-
perature because of thermal broadening. Such a system
requires the use of two-phonon states in order to exactly
reproduce the spectra;34 however, we ignore this compli-
cation because we are only interested in the phenomeno-
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FIG. 7. Photoluminescence spectra of anthracene layers for
temperatures between 13 K and 150 K.
logical properties of the line which is responsible for las-
ing.
The scattering rate W e→p in Eq. (3) depends on tem-
perature via f(E). On the one hand, at low tempera-
ture the Lorentzian is narrower, and thus a smaller frac-
tion of the oscillator strength is dispersed into non-lasing
modes. On the other hand, only a fraction of the oscilla-
tor strength of the (0-1) transition contributes to lasing,
because the other lines are far detuned. Additionally,
both the quantum yield, estimated at room temperature
to be 0.5, and the exciton lifetime τe are expected to
increase at low temperature.
In Fig. 8 we compute the dependence of the integral
appearing in (3):
I +
∫ EA0sup
E
A0
inf
f(EA0inf − E) dE (6)
on the width of the Lorentzian function f(E) which rep-
resents the normalized spectrum of the (0-1) PL emission.
Whereas at room temperature the FWHM is ≈ 0.1 eV,
at 12 K it is ∼ 0.01− 0.02 eV, and thus W e→p increases
of at least a factor of 5.
Roughly speaking, the observed thermal reduction of
the threshold is of less than one order of magnitude,15
and thus similar to the numbers of our estimates. This
points out a possible connection between the tempera-
ture dependence of the laser threshold and of the PL of
anthracene crystals. A more systematic analysis, both
theoretical and experimental, goes beyond the scope of
this work, and will be the focus of future investigations.
As long as the thermal linewidth narrowing is considered,
we observe that when the radiative transition is not per-
fectly resonant with the lasing polaritons it could even
result in the opposite effect.
For the sake of completeness, in appendix C we include
the thermal population of the vibrations of the molecu-
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FIG. 8. Dependence of the integral (6) appearing in (3) on
the width of f(E), which is a Lorentzian function.
lar ground state in the master equation (1a) and demon-
strate that it can be safely neglected.
V. CONCLUSIONS
In this work, a minimal model to describe the polari-
ton lasing observed in crystalline anthracene microcav-
ities has been developed. Only the essential features
of the physical processes involved have been included:
the incoherently pumped exciton reservoir, the vibroni-
cally assisted radiative scattering from the reservoir to
the bottom of the lower polariton branch, the onset of
bosonic stimulation and the build-up of the polariton
population with increasing pump intensity, the polari-
ton losses through the mirrors and bimolecular quench-
ing processes. All the relevant material parameters, ex-
cept from the bimolecular quenching rate, have been de-
termined independently from the experimental data on
the pump dependence of the polariton emission12. In
particular, the efficiency of the scattering mechanism
here considered - which takes into account the promi-
nent role of vibronic replicas in the photophysics of an-
thracene microcavities11 - has been calculated microscop-
ically. The numerical simulations obtained are in good
agreement with the data and describe well the onset of
the non-linear threshold for polariton lasing. A possi-
ble reason for the observed temperature dependence of
the threshold15 has also been discussed. The present
model could be extended to include further ingredients,
in particular polariton-polariton scattering, and be ap-
plied to other microcavity systems exhibiting pronounced
vibronic replicas.
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Appendix A: Derivation of the Master Equations
We present the derivation of the master-equation (1).
We focus on the exciton reservoir (excitons are labeled by
j) and on the polaritons in the A0 region, which are res-
onantly populated by the reservoir (labeled by k). The
dynamics of the system is described by Nexc +Npol cou-
pled differential equations:
n˙j =− Γjnj −
∑
k∈A0
W j→knj(1 + nk)−
∑
k/∈A0
W j→knj+
− γ

∑
j′
nj′ +
∑
k′
|c(e)k′ |2nk′

nj + (1− nj)P (t);
(A1a)
n˙k =− Γknk +
∑
j
W j→knj(1 + nk)
− γ

∑
j′
nj′ +
∑
k′
|c(e)k′ |2nk′

 |c(e)k |2nk. (A1b)
The term
∑
k/∈A0
W j→knj describes excitons scattered to
other polariton states via other decay mechanism, as for
example, lattice phonons and luminescence. We don’t in-
clude a similar term
∑
k′ /∈A0
W k
′→knk′ (1 + nk) in equa-
tion (A1b) because negligible compared to the efficient
direct scattering from the reservoir. The probability of
annihilating an exciton (or polariton) because of bimolec-
ular quenching is proportional to the total number of ex-
citons
∑
j′ nj′ +
∑
k′∈A0
|c(e)k′ |2nk′ (we neglect the minor
contribution of polaritons k′ /∈ A0).
In order to derive the master equation for the sur-
face density of excitations νe(t) =
∑
j nj(t)/A and
νp(t) =
∑
k nk(t)/A we have to make the following as-
sumptions. We take W j→k to be independent from j
and k ∈ A0, renamed W ; the same holds for Γj , substi-
tuted by Γe, for Γk, renamed Γp, and for c
(e)
k′ , renamed
c
(e)
p . We introduce the quantities W e→p =
∑
k∈A0
W
and Ze→ =
∑
k/∈A0
W j→k. Finally, nj and nk are not
expected to have a significant dependence on j and k.
Clearly, this approach is more justified the more the A0
8region is small. We sum the equations (A1a) and (A1b):∑
j
n˙j =−
∑
j
Γjnj −
∑
j
∑
k∈A0
W j→knj(1 + nk)+
−
∑
j
∑
k/∈A30
W j→knj+
− γ

∑
j′
nj′ +
∑
k′
|c(e)k′ |2nk′

∑
j
nj+
+
∑
j
(1− nj)P (t) (A2a)
∑
k
n˙k =−
∑
k
Γknk +
∑
k
∑
j
W j→knj(1 + nk)+
− γ

∑
j′
nj′ +
∑
k′
|c(e)k′ |2nk′

∑
k
|c(e)k′ |2nk
(A2b)
Using the listed assumptions, we obtain:
ν˙e =− Γeνe −W e→pνe
(
1 +
νp
ν¯p
)
− Ze→νe+
− γ′
(
νe + |c(e)p |2νp
)
νe +
(
1− νe
ν¯e
)
P ′(t) (A3a)
ν˙p =− Γpνp +W e→pνe
(
1 +
νp
ν¯p
)
+
− γ′
(
νe + |c(e)p |2νp
)
|c(e)p |2νp (A3b)
which is written in terms of the surface density of exci-
tonic states ν¯e = Nexc/A = Lzρ and of polaritonic states
ν¯p = Npol/A, of the pump rate density P
′(t) = ν¯eP (t)
and of the quenching parameter γ′ = γA.
Appendix B: Scattering Rate Due to Radiative
Transition
We compute the scattering rate of a molecular exciton
to a lasing polariton state via radiative emission assisted
by the emission of a vibration (see Sec. III).
Linear optical properties of strongly-coupled microcav-
ities can be quantitatively described with a simple model
for the light-matter interaction which conserves the in-
plane momentum:
Hk =


~ωk V1 V2 V3
V ∗1 E10 0 0
V ∗2 0 E11 0
V ∗3 0 0 E12

 . (B1)
The energy of the cavity photon, ~ωk =
(c/neff)
√
|k|2 + π2/L2, and the energy of the ex-
citon accompained by i vibronic replicas, E1i, are
measurable quantities. The couplings Vi can be fit from
the measured polaritonic dispersion relations,9 which
are the eigenvalues of (B1).
We focus on the b exciton and on light polarized along
b; the microscopic expression of their coupling is:20,28
V m1 (k) =
µe−S/2
neff
√
8π~ωk
La2
√
2(N + 1)
π
√
1− |k|
2
pi2
L2 + |k|2
(B2)
where S is the Huang-Rhys parameter, µ is the dipole
moments of the b Davidov branch, neff is the effective re-
fractive index, ~ωk is the photon energy, L is the effective
length of the cavity, a is the spacing between molecules,
N is the number of monolayer comprising the organic
material. Neglecting the dependence on k, we identify
the fit parameter V1 of equation (B1) with the following
microscopic expression:
V1 = V
m
1 (k = 0) = 4µe
−S/2 (πc~)
1/2
Lan
3/2
eff
(N + 1)1/2. (B3)
As a simple consistency check of (B3), we take neff =
1.74 and L = 120 nm and µ ∼ 1 D: we obtain V1 ∼ 74
meV, whose order of magnitude is compatible with the fit
value of 108 meV.9 Thus, even if the theoretical estimate
is based on the assumption of a perfect cavity without
losses, whereas the fit value refers to a realistic imperfect
system, the error is under control.
Let’s focus on the light-matter interaction responsible
of the exciton radiative recombination assisted by the
emission of one molecular vibration:
Vˆn = −µ
(
−
√
Se−
S
2
)
vˆ†
n
Bˆn ·
·
(∑
k
√
4π~ωk
La2Mn2eff
ωk=0
ωk
e−ik·n|| aˆ†
kp
)
+H.c. (B4)
where M is the number of unit cells included in the two-
dimensional quantization area, v†n is the operator creat-
ing a vibronic replica at the ground state of the molecule
placed at n, Bn is the operator destroying an electronic
excitation, aˆ†
kp is the photon field operator with p polar-
ization.
We are interested in the scattering of the molecular ex-
citon at n into the lasing polariton region A0. Using the
Fermi Golden Rule, the scattering rate from one molecu-
lar exciton (labelled by j) and a lasing polariton (labelled
by k) is (see also appendix A):
W j→k =
2π
~
πS
4
16µ2e−Sπc~
L2a2n3eff
1
M
|c(p)p |2δ(E0−ELP(k)−E01)
(B5)
We are assuming that the scattering process only depends
on the energy of the final state accordingly with the pic-
ture of bottom polaritons as states with a non-defined
wavevector and with similar optical properties.35,36
We can make the previous equation more realistic by
substituting the delta function δ(E) with the normalized
lineshape of the (0-1) photoluminescence, dubbed here
f(E). In this work, we consider a Lorentzian linewidth
90.01 0.1 1 10 100 1000
1
100
104
106
108
Absorbed Pump Fluence HnJL
In
te
gr
a
te
d
In
te
n
si
ty
Ha
rb
.
u
n
its
L
FIG. 9. Time-integrated surface density of polaritons∫
νp(τ )dτ calculated from solution of Eq. (C5) (lines) and
from experimental data (squares). The calculation parame-
ters are: (dashed line) τp = 85 fs; (solid line) 1 ps. The fit
parameters are as in Fig. 3.
f(E) = Γ/(2π(E2 − (Γ/2)2)). Comparing this last ex-
pression to (B3) we get (N + 1 ≈ N):
W j→k ≈ V
2
1
~
π2S|c(p)p |2
2
1
MN
f(E0−ELP(k)−E01) (B6)
This expression links the scattering rate assisted by the
emission of one molecular vibration to known parameters.
Appendix C: Thermal Population of Vibronic
Replicas
Up to now the scattering of one polariton to the ex-
citon reservoir assisted by the absorption of a replica of
the ground state has been neglected. However, at room
temperature, a fraction of the molecules quantified by
the Bose-Einstein distribution is in a vibrationally ex-
cited state; taking E01 ≈ 173 meV and room tempera-
ture (kBT ≈ 25.6 meV) the 2D density of such molecules
is:
ν¯e× 1
eE01/kBT − 1 ≈ 5×10
16 cm−2×10−3 ≈ 5×1013 cm−2.
(C1)
Even if 10−3 is a small fraction in absolute terms, the
density of phonon-excited molecules is comparable to
the density of excitons of the previous simulations (see
e.g. Fig. 5). Thus, polariton depletion because of back-
scattering into the exciton reservoir can affect the gain
of the lasing process.
In order to study the effect of this process, we include
in the right-hand side of equation (A1b) the term:
−
∑
j
W j→kmjnk, (C2)
where the sum is over all the molecules andmj is the pop-
ulation of the phonon state of the j−th molecule. We
do not consider mj as a dynamical variable but rather
consider the thermal equilibrium population: mj +
(eE01/kBT − 1)−1. Consequently, Eq. (A3b) includes the
term:
− 1
A
∑
k∈A0
∑
j
W j→kmjnk = −W e→p ν¯e
eE01/kBT − 1
νp(t)
ν¯p
.
(C3)
The depletion rate is estimated as:
−W e→p ν¯e
eE01/kBT − 1
νp(t)
ν¯p
≈ −105×109×10−3 s−1×νp(t).
(C4)
We compare it to the polariton decay rate, Γp > 10
12
s−1, and conclude that it is not the dominant polariton
depletion mechanism. This would be the case for micro-
cavities with larger Q factors, which thus would bene-
fit from lower temperatures freezing the main polariton
decay channel. The contribution of this process on the
reservoir population is also negligible, because polaritonic
states Npol are a negligible fraction of the excitonic states
Nexc.
We now take into account the population of phonon-
excited molecules νv(t) +
∑
j mj(t)/A dynamically. We
consider the following master equation (the derivation is
a generalization of the previous discussion):
ν˙e = − (Γe + Ze→) νe −W e→pνe
(
1 +
νp
ν¯p
)
+W e→p
νp
ν¯p
νv +
−γ′
(
νe + |c(e)p |2νp
)
νe +
(
1− νe
ν¯e
)
P ′(t) (C5a)
ν˙p = −Γpνp +W e→pνe
(
1 +
νp
ν¯p
)
−W e→p νp
ν¯p
νv +
−γ′
(
νe + |c(e)p |2νp
)
|c(e)p |2νp (C5b)
ν˙v = −Γv
(
νv − ν¯e
eE01/kT − 1
)
−W e→p νp
ν¯p
νv +
+W e→pνe
(
1 +
νp
ν¯p
)
(C5c)
Γv models the relaxation to the vibrational ground state,
and the presence of an equilibrium population is taken
into account; we set Γv = 10 ps. The other two terms
of equation (C5c) are due to polariton back-scattering to
the exciton reservoir and to the exciton radiative recom-
bination respectively.
In Fig. 9 we show the results, which are obtained with
the same parameters used in the main text. No qualita-
tive difference with Fig. 3 is observable and this refine-
ment can not take fix the above-threshold discrepancy.
For τp = 1 ps (solid line), the situation in which the
back-scattering efficiency is most comparable to the po-
lariton PL rate, a slight shift of the threshold towards
higher pump fluences is observable.
Direct inspection of the time dependence of νv(t) shows
that at threshold the system is driven out of equilibrium
on the time-scale of 5 ∼ 50 ps (Fig. 10). However, even
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FIG. 10. Time-dependence of the relative surface density
of exciton νe(t)/ν¯e (dash-dotted lines), of lasing polaritons
νp(t)/ν¯p (dotted lines) and of vibrationally excited molecules
νv(t)/ν¯e (dashed lines) at threshold (Etot = 300 nJ, τp = 85
fs). Top: νv(t) is a dynamical quantity; bottom: νv(t) =
ν¯e/(e
βE01
− 1) is static.
when νv(t) is consistently driven out of equilibrium, no
significant difference in the population of excitons and
of polaritons is observable. Polaritons are so few that
only massive back-scattering to exciton states can affect
the reservoir population. On the other hand, the po-
lariton escape through the mirrors remains the dominant
timescale for the polariton depletion.
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